The splicing of nuclear pre-mRNAs is a fundamental process required for the expression of most metazoan genes. It is carried out by the spliceosome, which recognizes splicing signals and catalyzes the removal of noncoding intronic sequences to assemble protein-coding sequences into mature mRNAs prior to export to the cytoplasm and translation (2) . Of the approximately 25,000 genes carried by the human genome (16) , more than 90% are believed to produce transcripts that are alternatively spliced, enriching the proteomic diversity of higher eukaryotic organisms (9, 29) . Because regulation of this process can determine when and where a particular protein isoform is expressed, changes in alternative splicing patterns modulate many cellular activities.
Exon recognition and the regulation of alternative splicing are complex processes. Splicing enhancers and silencers, either exonic or intronic, occur frequently and influence alternative splicing. Furthermore, it has been established that the strength of splice sites (31) , the intron/exon architecture (i.e., the exon or intron definition modes of splice site recognition) (8) , local RNA secondary structure (13, 26) , and the process of transcription by RNA polymerase II (19) influence splice site choice. Given the divergent sequence and architecture of genes, every exon is flanked by a unique pair of splice site signals and contains a unique group of splicing enhancers, silencers, and secondary structures. The sum of contributions from each of these elements then defines the overall recognition potential of an exon (11) .
When analyzing pre-mRNA sequences, it quickly becomes evident that multiple or cryptic splices sites are abundant, especially 5Ј splice sites (1) . The mechanism as to which specific 5Ј splice site is preferred over others must rely on selection mechanisms independent of whether the exon is alternative or constitutive. In a set of classical experiments, Reed and Maniatis (22) showed that the proximity between the 5Ј and the 3Ј splice sites determines, in part, the selection of competing splice sites. Using tandem repeats of either 5Ј or 3Ј splice sites, it was shown that the spliceosome exhibited a strong preference for pairing the most proximal splice sites. In the case of competing 5Ј splice sites of equal U1 snRNA base pairing affinity, the most proximal splice site was preferentially chosen. While these experiments established a splice site selection phenomenon referred to as the proximity rule, mechanistic and thermodynamic insights into the preference for proximal splice sites have been minimal. Using a model system of tandem 5Ј splice sites separated by 16 nucleotides, it was shown that the ability of U1 snRNA to base pair with competing splice sites is the major determinant of 5Ј splice site selection, in agreement with previous models (24) . However, recent computational analyses indicate that pairwise dependencies between 5Ј splice site nucleotides are also significant in promoting splice site selection (23) .
In this work, we have carried out a systematic analysis of 5Ј splice site recognition using in vitro splicing assays. While the observed rates of splicing correlate largely with the binding potential between U1 snRNA and the 5Ј splice site, we show that U1 snRNA interactions with the 5Ј splice site were significantly aided by the proximity of the downstream exon. Tethered splicing activators upstream of weak 5Ј splice sites activate splicing similarly and independent of whether splice sites are recognized within a single step (referred to as intron defined) or independent steps (referred to as outside intron definition). In the context of competing splice sites separated by 180 nucleotides, the proximal splice site was preferentially used even though the distal splice site had a much higher U1 snRNA binding potential. Interestingly, a splicing enhancer sandwiched between splice sites had opposing effects on the distal and proximal splice sites, activating the proximal splice site while repressing the distal splice site. Surprisingly, the kinetic analysis uncovered that a functional but unselected upstream 5Ј splice site acts as bone fide splicing enhancer for proximal splice site selection.
MATERIALS AND METHODS
Pre-mRNAs. DNA for regions of the first two exons (excluding the 5Ј splice site of exon 2) of human ␤-globin was cloned downstream of the T7 promoter into SP73 plasmid. An MS2 hairpin was cloned approximately 80 nucleotides upstream of the original 5Ј splice site. Thirteen different 5Ј splice site cassettes were separately cloned into the original 5Ј splice site region. Possible cryptic 5Ј splice sites were inactivated. A splicing-neutral sequence was cloned between the MS2 hairpin and 5Ј splice site cassette. The intronic lengths of these constructs were increased by adding 240 bp of neutral sequence originated from the intronic region of SMN6 to create long intron constructs. A GT-less exonic and 5Ј splice site cassette region were cloned 80 bp upstream of the MS2 hairpin to create the 5Ј splice site competition constructs with either a strong competitor, CAGԽGU AAGUgU, or an abolished 5Ј splice site with the sequence guaԽcUucuaca (sequence 0 in Tables 1 to 3) , where uppercase letters indicate matches with U1 snRNA and lowercase letters indicate mismatches with U1 snRNA. Potential cryptic 5Ј splice sites (those containing a GT) were mutated within the exonic and intronic regions surrounding the 5Ј splice site cassette of exon 1. Diagrams of the modified ␤-globin minigenes are depicted in the corresponding figures. To generate 5Ј competition deletion constructs, the first-generation plasmids were digested with XbaI and Eco NI, blunted with T4 polymerase, and ligated with T4 ligase. This removed a 104-bp segment from the vector, decreasing the distance between the competing 5Ј splice sites to 80 nucleotides (nt).
All modified ␤-globin minigenes were digested with EcoRI. Presynthesized 32 P-labeled RNA transcripts were synthesized with T7 RNA polymerase in the presence of 2 mM m 7 G(5Ј)ppp(5Ј) G cap analog at 37°C, resolved by 6% denaturing PAGE, and then purified.
In vitro splicing. Reactions were carried out in 30% nuclear extract containing T7 polymerase-generated 32 P-labeled RNA transcripts as the template, 1.0 mM ATP, 20 mM creatine phosphate, and 3.2 mM MgCl 2 , with or without saturating amounts of recombinant MS2-RS-9G8 (250 nM), as previously described (12) . Reaction mixtures were incubated at 30°C for a determined time course as indicated in the figure legends. Following incubation, reaction mixtures were digested with proteinase K; phenol chloroform extracted; ethanol precipitated; resolved by either 6, 8, or 10% denaturing PAGE; and analyzed by PhosphorImager analysis (Bio-Rad) as previously described (12) . The percent spliced is defined as [moles spliced product/(moles unspliced product ϩ moles spliced product)]. To derive kinetic rate constants, the percent spliced over time was fit to a first-order rate description for product appearance. The background was determined individually for each lane. Average rates and fold activation were determined from multiple repeats with less than a 30% difference between experiments (r values for rate determinations were above 0.8).
Computational analysis of constitutive exons. Five thousand constitutive exonic sequences with lengths of Ն100 nt were downloaded from the UCSC Genome Browser. Two exhaustive tables of 5Ј splice sites were constructed: a table of weak splice sites with all possible 5Ј splice sites with a MaxEnt score of Ͻ0 and a table of strong 5Ј splice sites that contains all 5Ј splice sites with a MaxEnt score of Ͼ7. Using a Python script, each sequence was searched for potential 5Ј splice sites by sliding a 9-nt window from a position starting at 1nt downstream of the 3Ј splice site to 100 nt away from the 3Ј splice site. Each position was checked to see if it contained a strong or weak 5Ј splice site from the hash tables. The total number of potential splice sites, either weak or strong, at each position was summed for the 5,000 exonic sequences, and these counts were binned in 10-nucleotide bins from 1 to 100 nt from the 3Ј splice site. Each resulting bin was normalized to 5Ј splice site frequencies observed for the first 10-nt bin closest to the 3Ј splice site.
RESULTS
Thermodynamic contribution of ESEs to 5 splice site activation. In Saccharomyces cerevisiae 5Ј splice sites are well conserved compared to those in higher eukaryotes, where 5Ј splice sites are degenerate. Although a consensus sequence for the 5Ј splice site has been determined (
, many metazoan splice sites do not match this consensus. In fact, the splicing machinery often selects a weak 5Ј splice site with fewer matches to the U1 snRNA consensus sequence over a stronger competing splice site (14, 18, 25, 28) . Therefore, there must be motifs in the pre-mRNA such as exonic splicing enhancers (ESEs), which compensate for the weakness of a 5Ј splice site. While many examples of ESE-dependent activation of weak splice sites have been described, it is currently unknown to what degree a U1 snRNA/5Ј splice site consensus mismatch requires an ESE complex to compensate for the weak site. To investigate this dependency, we analyzed the splicing efficiency of ␤-globinderived minigenes with variable intron-defined 5Ј splice sites ( Table 1) that are activated by an upstream ESE (Fig. 1A) . In vitro splicing reactions in the presence or absence of MS2-RS-9G8 fusion protein demonstrated that the splicing rate of weaker 5Ј splice sites (MaxEnt score of Ͻ4) increases up to 4-fold upon ESE activation ( Fig. 1 and Table 1 ). In contrast, strong splice sites (MaxEnt score of Ͼ10) apparently do not significantly benefit from the presence of an activated ESE. Splicing under different conditions, such as with an altered percentage of nuclear extract or salt concentration, did not change the extent of ESE activation observed (data not shown). These results illustrate that an MS2-RS-9G8 ESE complex at the location used has a maximal activation potential of approximately 4-fold. As expected from previous observations (20) , lowering the complementarity between U1 snRNA and the 5Ј splice site reduced the rate of intron removal from maximal in vitro splicing of approximately 1 h Ϫ1 for a fully complementary splice site to 0.1 h Ϫ1 for a 5Ј splice site of low complementarity (Fig. 1C) . For the most part, the observed rates follow an overall trend expected from U1 snRNA binding potential, with stronger binding interactions resulting in higher rates of intron removal. Apparent deviations from linear regressions are likely to reflect the influence of additional factors that are currently not taken into account in models of splice site strength predictions ( Fig. 1C and Table 1 ). Supporting this notion is the observation that the magnitude of changes in splicing rates is significantly different from expected energetic differences based on base pairing potential. For example, according to nearest-neighbor contributions (32), the difference in U1 snRNA binding potential between splice sites 3 and 11 is ϳ1 ϫ 10 6 -fold, while the measured rates differ by only 10-fold. To determine the influence of enhancer activation in the context of 5Ј splice sites outside the intron definition context, i.e., splice sites that are defined independently from each other, we carried out similar rate analyses using isogenic premRNA substrates with introns longer than the previously determined transition length between intron and exon definition (ϳ250 nt) (8) . As was observed for intron-defined splice site recognition, reducing the complementarity between U1 snRNA and the exon-defined 5Ј splice site lowered the rate of intron removal by more than 10-fold (Table 1 ; Fig. 1D ). Significantly, in the presence of MS2-RS-9G8 fusion protein, the rate of intron removal increased for all tested pre-mRNAs without an apparent limit, as was observed in the intron-definition mode (Table 1 ). In agreement with previous studies (8), VOL. 30, 2010 REGULATION OF 5Ј SPLICE SITE ACTIVATION 1879 splicing of short introns is more efficient than the removal of larger introns (Table 1 ). These observations support the notion that the close proximity of a pairing-competent splice site compensates for weak splicing signals. In summary, the current methods predicting splice site strength correlate well with experimentally determined rates of splicing ( Fig. 1 ; Table 1 ). Proximal 5 splice site preference. The proximity rule was formulated based on experimental observations using duplicated splice sites and refers to the preferential pairing between the most proximal 5Ј and 3Ј splice sites (22) . Although established several years ago, its mechanism and thermodynamic contribution to splice site choice have yet to be investigated. To evaluate the proximity rule, we designed a series of 5Ј splice site competition substrates that contain a strong, invariable distal splice site (CAGԽGUAAGUgU) and one of 13 variable proximal splice sites ( Fig. 2A ; Tables 2 and 3 ). In addition, a splicing activator can be tethered between the competing splice sites through binding to an MS2 hairpin. Using this experimental setup, we intended to measure the degree to which splice site selection would shift from the proximal to the distal splice site by decreasing the strength of the proximal splice site with respect to the distal splice site. As expected from the proximity rule, the proximal splice site was chosen over the distal splice site if the distal and proximal splice sites were of similar strength (Fig. 2C) . Surprisingly, proximal splicing was still preferred even if the proximal splice site was significantly weaker than the distal splice site (Fig. 2B and Table 2 ). In fact, our results show that under the conditions tested, proximal splicing was always the preferred pathway, although a shift in the proximal/distal ratio can be correlated to proximal 5Ј splice site strength ( Fig. 2D and Table 2 ). Furthermore, placement of a splicing activator complex between the competing splice sites increased the rate of proximal splicing, most noticeably in the context of significant distal splicing ( Fig. 2B and Table 2 ). To test whether the observed preference for proximal splicing is influenced by intron length, we repeated the kinetic evaluations as described above with pre-mRNA substrates containing longer introns. Although the increase in intronic distance slightly increases the ratio toward the distal splice site (Table  2) , the proximity rule still remains the stronger element in our experimental system. This trend suggests that increased intron length reduces the influence of the proximity effect. We conclude that the proximity of paired splice sites can have a profound influence on splice site choice, especially within the context of short introns.
One contributing factor to proximal splice site selection could be the distance between the competing 5Ј splice sites. In the constructs that we used, the proximal and distal splice sites are separated by 180 nt, thus potentially promoting preferential proximal splicing. To address whether the distance between competing splice sites modulates proximal splice site selection, we removed approximately 100 nt from a subset of the cis-competition constructs and determined the relative selection of proximal and distal 5Ј splice sites. The results clearly demonstrate that the closer proximity of competing 5Ј splice sites changes the balance of 5Ј splice site usage in favor of distal splicing regardless of intron length (Fig. 2E) . We conclude that the relative distance between competing splice sites influences their selection. The closer together splice sites are situated, the more influential is their intrinsic U1 snRNP binding affinity.
Selective enhancement by splicing enhancers. Exonic splicing enhancers are usually characterized by their enhancement of spliceosomal recruitment to regulated splice sites. Recently, it was demonstrated that splicing enhancers could act as barriers to prevent exon skipping as well (4, 15, 21) . This effect is also observed for the cis-competition substrates with weak proximal splice sites ( Fig. 2B; Table 2 ). Upon the addition of MS2-RS-9G8, distal splicing is significantly reduced, while proximal splicing is as strong as in the absence of the activator. (32) . c Rows are organized according to MaxEnt scores, which are values based on modeling the sequences of short sequence motifs that simultaneously account for nonadjacent as well as adjacent dependencies between positions. This method is based on the maximum-entropy principle and generalizes most previous probabilistic models of sequence motifs such as weight matrix models and nonhomogeneous Markov models (31) .
d The data show rate and fold activation comparisons of the single 5Ј splice sites in the context of intron versus exon definition, with and without MS2-RS-9G8 recruitment. Average rates and fold activation were determined from multiple repeats with less than 30% difference between experiments. ‫,ء‬ value not different from background. ‫,ءء‬ not tested in this context.
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When analyzing stronger proximal 5Ј splice sites, the distally spliced band is less visible, and the inhibitory effect on distal splicing is hardly noticeable (Fig. 2C) . In principle, a loss of distal splicing could be the indirect consequence of increased proximal splicing or the result of direct inhibition of distal splicing. To differentiate between these potential models, we analyzed intron removal kinetics of a pre-mRNA substrate where the proximal splice site has been mutated (Fig. 3A) . The data show that the rate of distal splicing is reduced 10-fold in the presence of MS2-RS-9G8 enhancer complexes tethered downstream of the distal splice site (Fig. 3B and C) . These results demonstrate that splicing enhancer complexes located between competing 5Ј splice sites can act to increase the recognition of the proximal splice site while at the same time inhibiting distal splicing. Conceptually, these results are analogous to those of Ibrahim et al., which demonstrated that splicing enhancers located between competing 3Ј splice sites activate the upstream and proximal 3Ј splice site while inhibiting distal 3Ј splice site selection (15) .
Competing upstream 5 splice sites function as enhancers of proximal splice site selection. Alternative 5Ј splice sites compete for a common downstream 3Ј splice site. As such, the use of one 5Ј splice site is expected to inhibit the use of the alternative splice site. The rate analysis described above allowed assessment of whether intron removal in the context of competing splice sites is carried out with altered kinetics compared to the noncompetitive scenario. Surprisingly, rate comparisons demonstrate that the presence of an upstream 5Ј splice site significantly activates splicing of the various proximal 5Ј splice sites regardless of intron length (Fig. 4) . This rate increase could be the consequence of the additional nucleotide sequences that are associated with the 5Ј competition constructs (the cis-competition substrates contain an extra 80 nucleotides at their 5Ј end). Alternatively, this rate increase could be triggered by the presence of a functional upstream 5Ј splice site. To differentiate between these possibilities, the upstream 5Ј splice site sequence was abolished and splicing rates were determined (Fig. 5A) . Compared to the cis-competition substrate, intron removal kinetics for the upstream splice site mutant substrate was reduced by 3-fold, consistent with the interpretation that an upstream functional splice site can act as an enhancer of proximal splicing ( Fig. 5B and D) . This enhancement in splicing kinetics was not apparent when a splicing enhancer complex was activated between the competing splice sites, because the canonical enhancer on its own already triggered maximal splicing efficiency (Fig. 5C) . We conclude that the presence of a competing upstream 5Ј splice site can function as a splicing enhancer to the downstream 5Ј splice site.
These observations suggest that a strong upstream 5Ј splice site not only competes with but also enhances the downstream 5Ј splice site. Currently, it is unclear which of these two competing effects dominates to promote the final outcome of a splicing reaction. Given our observation that the selection between closer splice sites is more dependent on their respective U1 snRNP binding potentials (i.e., the upstream 5Ј splice site is a stronger competitor for the downstream 3Ј splice site), it is possible that the upstream 5Ј splice site enhancer function is distance dependent. To test this hypothesis and to gain information regarding its potential biological significance, we per- Table 1 for description]) without enhancer (left) compared to that with the same splice site activated by MS2-RS-9G8 recruitment (right). Pre-mRNA transcript, spliced product, and intermediate lariat bands are indicated. (C and D) Comparison of the splicing rates determined from short intron (C) or long intron (D) pre-mRNAs according to splice site strength (MaxEnt Score range, Ϫ9.4 to 10.9). Average rates were determined from multiple repeats with less than 30% difference between experiments. Further comparison of 5Ј splice site sequences, strength (MaxEnt Score), and splicing rates can be found in Table 1 .
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formed a computational analysis evaluating the distribution of potential 5Ј splice sites across 5,000 constitutive exons. Interestingly, strong 5Ј splice sites are enriched in these exons within 50 nt of the exon's 3Ј splice site (Fig. 6 ). In contrast, weak 5Ј splice sites are evenly distributed across the whole exon. These analyses demonstrate that strong 5Ј splice sites that are not utilized as competing splice sites are overrepresented within the 5Ј portions of constitutive exons, potentially functioning within these locations as enhancers for the downstream 5Ј splice site. One explanation for this striking alternative 5Ј splice site enrichment may be exon size limits. Human internal exons are typically larger than 75 nt, in support of the notion that cross-exon recognition is most efficient across an optimal exon length of approximately 120 nt. These considerations suggest that exon size optimization or constraints of the spliceosome may dictate whether an alternative 5Ј splice site competes with or enhances downstream 5Ј splice site selection.
DISCUSSION
The experiments presented here describe a systematic approach to evaluate the combinatorial regulation of 5Ј splice site activation. Through analysis of variable proximal splice sites, we show that 5Ј splice site selection frequencies correlate well with their U1 snRNA base pairing potential. In agreement with previous results, recognition of splice sites flanking short introns (i.e., intron definition mode) is much more efficient than long intron removal. Interestingly, the proximity of competing 5Ј splice sites to a pairing 3Ј splice site proved to be much more influential in establishing splicing patterns than the actual 5Ј splice site/U1 snRNA base pairing potential. Unexpectedly, our kinetic evaluation revealed the discovery of two new splicing regulatory functions, i.e., SR protein recruitment as a bidirectional silencer/enhancer and an upstream 5Ј splice site functioning as a splicing enhancer. Tables 2 and  3 . (E) Fractional changes in the proximal-to-distal splice site selection ratio as a consequence of moving competing 5Ј splice sites into closer proximity. The bar graph illustrates that reducing the distance between competing 5Ј splice sites decreases proximal splice site selection in the context of short or long introns.
5 splice site strength and ESE activation. Using a systematic approach, we investigated to what degree a splicing enhancer complex can activate a downstream 5Ј splice site. We designed a series of 5Ј splice site test substrates with variable complementarity to U1 snRNA either in the intron definition context or in the exon definition context. As anticipated from previous work, the predicted strength of interaction between the 5Ј splice site and the U1 snRNA, using either free energy of binding (32) or MaxEnt scoring (31), does correlate reasonably well with the splicing efficiencies observed (Table 1) . This gives merit to the value of predicting splicing efficiency through U1 snRNA binding to the 5Ј splice site. However, the magnitude of the observed changes in splicing rates do not correlate linearly with expected differences based on base pairing potential (the difference in U1 snRNA binding potential between splice sites 3 and 11 is ϳ1 ϫ 10 6 -fold, while the measured rates differ only by 10-fold), supporting the notion that the affinity of U1 snRNP to 5Ј splice sites is also augmented by protein/RNA interactions (7). In the presence of the splicing enhancer complex MS2-RS-9G8, splicing rates increased up to 4-fold in the intron definition context. In general, stronger splice sites spliced efficiently even in the absence of enhancer complexes at close to maximal in vitro splicing rates (12) .
When the splicings of pre-mRNAs harboring differently sized introns were compared, a significant intron length dependency was observed, demonstrating that a greater distance from the downstream 3Ј splice site results in significantly lower splicing kinetics. Thus, it is tempting to speculate that the Under the experimental conditions used, the "proximity effect" proved to be more influential in dictating splice site choice than anticipated ( Fig. 2 and Table 2 ). The results suggest that the "proximity effect" should carry significant weight when predicting alternative splice site preference. What is unclear is to what degree the distance between competing splice sites controls the influence of the "proximity effect". Clearly, moving the competing splice sites closer to each other resulted in a significant shift in distal splice site selection (Fig. 2E) . Furthermore, recent work showed that the use of competing splice sites within very close proximity (in this case 16 nucleotides) is more dependent on the U1 snRNA binding potential than what was observed here (24) . One attractive explanation for these distance effects might be that longer sequences separating competing splice sites have a higher probability of harboring splicing enhancers, thereby further increasing the selection of the proximal 5Ј splice site. Intron length also influences splice site selection, as our data are consistent with the idea that longer introns dilute the influence of the proximity effect. Directional inhibition through SR protein binding. Previous work has shown that SR proteins can interfere with splicing (5, 15, 27) . Our results obtained from the 5Ј splice site competition experiments also indicate that an RS domain enhancer can induce splicing interference, albeit at a different location along the pre-mRNA. These results are reminiscent of observations demonstrating that the exonic or intronic location of SR proteins induces activation or repression (15, 17) . Therefore, it is evident that splicing enhancer elements that recruit SR proteins direct spliceosome activity according to its pre-mRNA context. The data presented here suggest that these enhancer complexes exhibit dual functionality and bidirectionality in which pre-mRNA-bound SR proteins preferentially recruit the spliceosome to the downstream 5Ј splice site and inhibit its recruitment to the upstream 5Ј splice site. Recent computational work gives further relevance to the dual functionality of splicing elements. The role of splicing regulatory elements in the determination of exon/intron boundaries conforms to the more complex integrated splicing code recently presented and agrees with the results of unpublished fluorescence-activated screens (30) . Especially noticeable is the context dependence of enhancer and silencer elements (10) . How the observed apparent directionality is achieved is currently unclear. However, one can envision mechanisms whereby the interaction between SR proteins and the spliceosome result in preferential deposition of spliceosomal components downstream of the enhancer sequence, thereby sequestering the spliceosome from the competing upstream 5Ј splice site.
Upstream 5 splice site sequence functions as enhancer. Using trans-and cis-splicing assays, it has been demonstrated that a downstream 5Ј splice site could enhance the efficiency of intron removal (3, 6) . This enhancement was SR protein dependent, suggesting that the presence of SR proteins mediates interactions between U1 snRNP and U2 snRNP (3). Our kinetic analysis of competing 5Ј splice sites resulted in the unexpected discovery that the presence of a competing upstream 5Ј splice site increased the rate of proximal splicing. Even though the U1 snRNP binding potential of proximal 5Ј splice sites was significantly lower than that of the distal splice site, mainly proximal splicing was observed. However, the presence of the upstream 5Ј splice site surprisingly accelerated proximal splicing. These results demonstrate that an upstream 5Ј splice site can function as an enhancer of splicing without being used as a significant target for the splicing reaction itself. It is unclear how such an enhancement could be achieved. Perhaps an upstream 5Ј splice site initially facilitates the recruitment of additional spliceosomal components. However, during the establishment of splicing patterns, the proximity of the compet- 6 . Distribution of strong and weak potential 5Ј splice sites along constitutive exons. The presence of potential 5Ј splice sites in 5,000 constitutive exons was measured using the MaxEnt scoring scheme (31) , where a 5Ј MaxEnt score of Ͼ7 represents a strong 5Ј splice site and a MaxEnt score of Ͻ0 represents a weak 5Ј splice site. The y axis shows the two classes of potential 5Ј splice sites binned in 10-nt bins. Each bin was normalized to 5Ј splice site frequencies observed for the first 10-nt bin closest to the 3Ј splice site. The x axis represents the distance of 5Ј splice site bins from the 3Ј splice site.
VOL. 30, 2010 REGULATION OF 5Ј SPLICE SITE ACTIVATION 1885 ing 5Ј splice sites to the 3Ј splice site dominates the selection process in establishing committed splice site pairing. As argued by our computational analysis of constitutive exons (Fig. 6) , such scenarios could be envisioned if a competing 5Ј splice site is situated too close to an upstream 3Ј splice site, essentially rendering upstream 5Ј splice selection improbable due to exon size restrictions. Alternatively, even though the sequence of the distal 5Ј splice site looks like a functional splice site, it may not act like one due to incomplete signals or adjacent inhibitory elements. Independent of these considerations, the utilization of the distal splice site in the context of the abolished proximal 5Ј splice site argues strongly for a direct interaction between the distal 5Ј splice site and U1 snRNP. It is possible that the results described here are also transferable to situations where competition exists between functional 3Ј splice sites. In other words, the recruitment of U2 snRNP in the context of competing 3Ј splice sites may have enhancing functions similar to those observed here for competing 5Ј splice sites. In such a scenario, one would predict that a downstream (distal) 3Ј splice site could enhance splice site selection at the proximal 3Ј splice site. The systematic analysis carried out here illustrates the importance of evaluating elements of splicing regulation in combination. These elements include splice site strength and competition, the proximity effect between competing splice sites, intronic size, and SR protein mediation by directionally enhancing or inhibiting splice site recognition to regulate the efficiency of splicing. Ultimately, the integration of a combinatorial and context-dependent approach to study pre-mRNA splicing may lead to a clearer understanding of this complex process and suggest additional criteria for a more accurate and predictive splicing code.
